Introduction
============

It is well established that infants are sensitive to numerical information in their environment, beginning just hours after birth ([@B26]; [@B1]; [@B19]; [@B27]; [@B14]; [@B17]). Despite these findings, however, debate remains as to whether infants' representations of number are secondary to representations of continuous quantities that covary with number, such as surface area and contour length ([@B23]; [@B5], [@B6]; [@B21]; [@B4]; [@B8]; [@B3]; [@B18]). An assumption has been that continuous quantities are more immediately available for perception and are therefore more primitive or earlier developing feature representations. Although infants can discriminate arrays on the basis of number when other dimensions are controlled, a related question is whether number is less salient compared to the continuous properties of an array. When presented with an array of objects, do infants preferentially attend to number, or is number a last resort that infants rely on only when other dimensions cannot be used?

Although a few studies indicate that infants may preferentially attend to surface area rather than number when tracking small numbers of objects ([@B6]; [@B12]), other research suggests that infants may be more adept at tracking number compared to total surface area, particularly when presented with large numbers of objects ([@B9]; [@B18]). [@B9] found that 7-month-old infants required a fourfold difference to detect a change in the cumulative surface area of an array containing multiple elements, whereas only a twofold change in number resulted in dishabituation. Likewise, [@B18] found that when changes in surface area and number were directly pitted against one another in two dynamic image streams, 7-month-old infants preferred to look at the stream that was changing in number rather than the stream that was changing in surface area. This preference for the numerical change was so strong that a threefold change in number had to be paired with a tenfold change in surface area in order for infants to find the two streams equally engaging. Collectively, these findings suggest that number is actually easier to extract than surface area from arrays containing a large number of elements.

A second variable of interest that covaries with number but has received relatively little attention is contour length (sometimes referred to as perimeter). Some researchers have proposed that in studies purporting to show number discrimination, infants are actually responding to changes in contour length ([@B5], [@B6]; [@B21]). Indeed, contour length has been shown to influence numerical discrimination performance even in adults ([@B10]). A recent review of infant numerical discrimination studies argued that changes in contour length may explain infants' looking behavior in many studies that ostensibly controlled for continuous variables in order to isolate numerical discrimination ([@B3]). Despite clear evidence that infants are sensitive to changes in visual edges and contour length ([@B15]; [@B20]), few studies have directly investigated infants' acuity for contour discrimination ([@B5], [@B6]; [@B8]). In one study, infants were habituated to arrays containing either two or three squares and then tested with arrays that contained either a familiar number of squares with a novel contour length or a novel number of squares with a familiar contour length ([@B5]). Infants dishabituated only to the arrays with the novel contour length, suggesting that the contour length of the arrays was more salient than the number of elements. However, in an attempt to replicate that finding, another research group found that infants dishabituated to both changes in number and to changes in contour length ([@B8]). A point to note is that these studies used a paradigm in which infants were habituated to arrays that were constant in both contour length and number and then tested with arrays in which one variable was held constant and the other was varied. Although this method may inform us as to which of two covarying dimensions infants spontaneously attend, it does not provide a metric of acuity for either dimension.

The present study systematically assessed infants' sensitivity to changes in contour length using the change detection paradigm to provide a metric of acuity ([@B24]; [@B17]; [@B25]). Due to the geometry of homogenous dot arrays, relatively small changes in cumulative contour length are necessarily coupled with large changes in cumulative surface area. For example, a threefold change in the contour length of a circle is accompanied by a tenfold change in surface area. Therefore, we constructed irregularly shaped stimuli in order to manipulate contour length while holding surface area constant. In Conditions 1A & B, 7-month-old infants were tested with a twofold change in contour length. In Condition 2, 7-month-old infants were tested with a threefold change. These results were compared to previously collected data using the same paradigm that assessed sensitivity to changes in number ([@B17]) and surface area ([@B18]) to determine in which dimension infants are most sensitive to change.

Materials and Methods {#s1}
=====================

Participants
------------

Forty-two 7-month-old infants participated in this study (mean age 6 months 30 days; range 6 months 15 days to 7 months 15 days; 12 female). Twenty-six infants were tested in Condition 1 (16 in Condition 1A and 10 in Condition 1B). Sixteen infants were tested in Condition 2. Data from eight additional infants were excluded due to parent interference (*n* = 2), excessive fussiness (*n* = 3), failure to complete the experiment (*n* = 2), or video equipment malfunction (*n* = 1). Parents of all infants gave written informed consent to a protocol approved by the local Institutional Review Board.

Design
------

Infants were seated in front of two peripheral monitors. During each trial, one monitor displayed a stream of images that contained arrays that were constant in contour length while the other monitor displayed arrays that alternated twofold or threefold in contour length.

Stimuli
-------

We used a custom Matlab (Mathworks) program that utilized a random walk technique to create shapes that varied in contour length while holding surface area constant^[1](#fn01){ref-type="fn"}^. In Condition 1A, the images in both streams contained arrays of 6 black irregularly shaped items on a white background (see **Figure [1](#F1){ref-type="fig"}**). The items in each array were constructed with an area of 6 square pixels and a contour length of 12 pixels or an area of 9 square pixels and a contour length of 24 pixels. These shapes were then scaled up to a mean diameter of 2 cm. Note than in Condition 1A, the twofold change in contour length was accompanied by a 1.5-fold change in surface area. Prior research indicates that this change in surface area is below the discrimination threshold for 7-month-old infants ([@B2]; [@B7], [@B9]; [@B18]), though it is possible that there could be an additive effect in combination with contour length changes. This concurrent change in surface area was eliminated in Conditions 1B and 2. In Condition 1B, there were 10 (rather than 6) items in each array, and the items in each array were larger in size and red in color to increase their saliency. The items in each array had a constant area of 60 square pixels and contour lengths of either 60 or 120 pixels. The shapes were then scaled up to a mean diameter of 2.5 cm. In Condition 2, the arrays contained arrays of 10 irregularly shaped red items on a white background. The shapes were constructed with a constant area of 60 square pixels and had contour lengths of either 40 or 120 pixels. The shapes were then scaled up to a mean diameter of 1.3 cm. In all conditions, each of the items in a given array had the same contour length but a unique shape. Accordingly, both the contour length of the individual elements and the cumulative contour length of the array varied by a factor of two (Conditions 1A,B) or three (Condition 2) while surface area remained constant (Conditions 1B and 2) or varied by a factor of 1.5 (Condition 1A).

![**Example stimuli.** Smaller contour lengths are displayed on the left and larger contour lengths are displayed on the right. **(A)** Condition 1A (twofold change in contour with a 1.5-fold change in area). **(B)** Condition 1B (twofold change in contour with a constant area). **(C)** Condition 2 (threefold change in contour with a constant area).](fpsyg-06-00923-g001){#F1}

Procedure
---------

Infants sat in a high chair or on a parent's lap approximately 105 cm away from three 17-inch monitors. Before each trial, the central screen displayed a colorful attractor video to orient infants' attention directly ahead. As soon as the infant looked at the attractor stimulus, an experimenter manually started each trial. Each stimulus array was presented for 500 ms followed by 300 ms of black screen. Each stream consisted of four different alternating arrays. Infants were tested with four 60-second trials. The constant and changing streams alternated sides across the four trials for each infant, and the constant stream appeared on the left side first for 50% of the infants. Half of the infants viewed a constant contour stream with arrays that had the longer contour length and the other half of the infants viewed arrays in which the shorter contour length were presented in the constant stream. Infants' looking behavior was digitally recorded and analyzed oﬄine. An experienced coder blind to the experimental condition coded looking behavior using a custom RealBasic program ([@B16]). A second coder, also blind to the conditions, re-coded 25% of the data and reliability was extremely high across all conditions (*r* = 0.97).

Data Analysis
-------------

Looking time toward each of the visual streams was measured as a percentage of each infant's total stimulus-directed looking time. Preference scores were calculated by subtracting the proportion of time spent looking at the constant stream from the proportion of time spent looking at the changing stream. A positive preference score therefore indicates a preference for the changing stream, whereas a preference score near zero indicates equal time spent looking at the constant and changing streams.

Results
=======

Preference scores in each condition were analyzed using one-sample *t*-tests comparing the observed preference score to a chance expectation of zero. Infants did not exhibit a preference for the changing contour stream in either Condition 1A \[mean preference score = -0.08, *t*(15) = -0.02, *p* = 0.98\] or Condition 1B \[mean preference score = -2.70, *t*(9) = -01.09, *p* = 0.30\]. Furthermore, infants' preference scores did not differ in Conditions 1A,B \[*t*(24) = 0.51, *p* = 0.61\]. Thus infants failed to detect a twofold change in cumulative contour length in Condition 1. In Condition 2, however, when contour length in the changing stream differed by a 1:3 ratio, infants exhibited a clear preference for the changing stream (mean preference score = 4.15, *t*(15) = 2.41, *p* \< 0.05) (**Figure [2](#F2){ref-type="fig"}**). Furthermore, a comparison of the mean preference scores from Condition 1 (collapsing across 1A,B) and Condition 2 revealed a trend toward a significantly larger preference score in Condition 2 \[*t*(40) = 1.84, *p* = 0.073\]. Nonparametric analyses confirm these results. In Conditions 1A,B, only 7 out of 16 and 5 out of 10 infants, respectively, looked longer at the changing contour stream (binomial *ps* \> 0.5). By contrast, in Condition 2, 12 out of 16 infants looked longer at the changing contour stream in comparison to the constant contour stream (binomial *p* \< 0.05).

![**Results from Experiment 1.** Infants did not exhibit a significant preference for a twofold change in contour length (Conditions 1A,B) but did exhibit a significant preference when the change in contour length was threefold (Condition 2). \**p* \< 0.05.](fpsyg-06-00923-g002){#F2}

We next compared infants' change detection preference scores for a threefold change in cumulative contour (Condition 2) to preference scores from previously published data in which infants of the same age were tested in the same paradigm with threefold changes in cumulative area ([@B18]) and number ([@B17]). We found a significant linear trend for increasing preference scores, with the lowest scores for cumulative area, intermediate scores for contour length, and the highest scores for numerosity change detection \[*F*(1,47) = 4.484, *p* \< 0.05\] (**Figure [3](#F3){ref-type="fig"}**). This finding is consistent with previous studies indicating that 7-month-old infants do not detect a threefold change in cumulative area ([@B9]; [@B18]) but are sensitive to a twofold change in number ([@B26]; [@B1]; [@B17]). However, a direct comparison of the mean preference scores for a threefold change in contour compared to a threefold change in number revealed no significant difference between the two dimensions \[*t*(30) = 1.03, *p* = 0.313\].

![**Comparison of preference scores with a threefold change in cumulative area, cumulative contour, and number (data for area from [@B18]; data for number from [@B17]).** \**p* \< 0.05.](fpsyg-06-00923-g003){#F3}

Discussion
==========

In the present study we sought to identify the limits of 7-month-old infants' ability to detect changes in contour length. To overcome the inherent confound between contour length and surface area present in dot arrays, we created a novel stimulus set that enabled us to vary contour length while holding surface area constant. We then employed these shapes in a change detection paradigm ([@B24]; [@B22]; [@B17]). The main result was that infants successfully detected a threefold change in cumulative contour length but were unable to detect a twofold change. Because 7-month-old infants readily detect twofold changes in number ([@B26]; [@B1]; [@B17]), this suggests that infants' acuity for the cumulative contour length in large arrays may be worse than their acuity for number. However, because infants' require a fourfold change in cumulative surface area in order to recognize change ([@B9]; [@B18]), it appears that infants are more sensitive to changes in contour length than they are to changes in surface area.

In a few previous studies, it has been reported that infants can detect smaller changes in cumulative contour length, such as 1.5-fold changes, in arrays with two or three items ([@B5], [@B6]; [@B8]). However, there are two critical differences between these prior findings and the results reported here. First, prior studies manipulated contour length in arrays made up of square elements, such that changes in contour length were concurrent with large changes in area. In the present study, we used irregular shapes that enabled us to manipulate contour length while either minimizing changes in surface area or holding surface area constant. It is possible that contour length and surface area have additive effects that facilitate representation and discrimination. If this true, then concurrent change in both area and contour may lead to more precise representations compared to when each dimension is manipulated independently (c.f. [@B3]). Note, however, that in Condition 1A, infants were faced with a twofold change in contour length accompanied by a 1.5-fold change in surface area, and there was no evidence that infants detected these concurrent changes. A second difference is that the prior studies employed arrays of two or three elements in habituation paradigms, which may encourage the use of object tracking mechanisms rather than approximate number or approximate magnitude representations (see [@B13] for a review). Therefore, although object tracking mechanisms may enable more precise representations of contour length, it appears that when many items are present, acuity for contour length, like acuity for surface area, is not as precise as that of number ([@B9]; [@B18]).

A related topic is the effect of the heterogeneous arrays used in the present study. We employed multiple exemplars of each contour length within the arrays to encourage encoding of contour length rather than specific shapes. Previous work with arrays of one and two items suggests that heterogeneous arrays may encourage infants to attend to numerosity rather than continuous variables such as surface area and contour length when these two variables are pitted against one another ([@B11]). Although in the present study number was held constant, it is unknown how array heterogeneity influences infants' attention to number versus continuous properties in arrays containing a larger number of items, which are thought to be represented with analog magnitudes rather than objects tracking mechanisms.

An additional point to consider is that in Conditions 1B and 2, both the cumulative contour length and the contour length of each individual element varied twofold or threefold in the changing stream. Therefore, in theory infants could have attended to either the change in the contour length of an individual element or to the change in the cumulative contour length of the entire array. Prior research, however, suggests that infants do not readily attend to continuous variables of individual elements when presented with large arrays. For example, Cordes and Brannon found that 7-month-old infants required a fourfold change in cumulative surface area of large arrays to detect a change despite readily detecting a twofold change in surface area when presented with a single element ([@B9]).

In the present study, changes in contour length were also unavoidably accompanied by a change in shape due to the constraint of holding surface area constant. As a consequence, infants could have attended to changes in either contour length or the overall shape of individual elements. In Condition 1A, we attempted to minimize changes in shape by accompanying the twofold change in contour with a 1.5-fold increase in surface area. In Condition 1B, surface area was held constant which resulted in larger changes in shape. In both of these samples, however, infants did not detect the twofold change in contour length. In addition, the shape changes as quantified by both convex hull and maximum distance were smaller than the changes in contour length. Therefore, it seems unparsimonious to argue that that shape changes accounted for discrimination with a threefold change in contour length in Condition 2 when they were not sufficient to yield discrimination with a twofold change in contour length in Condition 1.

In sum, our results are difficult to reconcile with the idea that numerical information is more difficult for infants to extract compared to information regarding contour length. Our results call into question the proposal that small changes in contour length present in previous studies of infant numerical cognition drive discrimination performance. Instead, it appears that infants are not more sensitive to changes in contour compared to changes in numerosity, which lends credence to the argument that number is indeed a salient dimension for infants.
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With the present stimuli set, contour length is the primary determinant of shape, as it is the criteria we have specifically varied while holding other variables constant. In general, however, the gestalt shape of the elements varies across the different contour lengths. Overall, increasing the contour length of an element while holding the area constant results in a more elongated shape, whereas smaller contour lengths produce more compact shapes, as can be seen in **Figure [1](#F1){ref-type="fig"}**. We have come up with two alternative metrics that could be used to quantify these shapes changes. The first is convex hull, which is defined as the smallest set of convex points that contains each shape. When we compare the average area of these convex hulls, not surprisingly, the area of the convex hulls increases with contour length. However, this increase in convex hull is not proportional to the increase in contour length, and the ratios between the convex hull areas for the three types of images are just 1.02 (larger/smaller) in the twofold condition and 1.03 in the threefold condition. Therefore, it is unlikely that these small changes in convex hull area are driving infants' looking behavior. A second metric that could be used to quantify shape is the maximum distance between any two points on the perimeter (i.e., overall length). Because the shapes become more elongated as contour length increases, the maximum distance also increases. However, as with convex hull, these differences in maximum distance are smaller than the differences in contour length (a ratio of 1.17 in the twofold condition and a ratio of 2.34 in the threefold condition). Although we believe that contour length is the most parsimonious way to describe the different stimulus types involved in this experiment, these metrics may be helpful for future studies investigating the role of contour length in the formation of quantity representations.
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